Abstract. The law of conservation of linear momentum is applied to surface gas exchanges, employing 8 scale analysis to diagnose the vertical velocity (w) in the boundary layer. Net upward momentum in the 9 surface layer is forced by evaporation (E) and defines non-zero vertical motion, with a magnitude defined 10 by the ratio of E to the air density, as ‫ݓ‬ = ா ρ . This is true even right down at the surface where the 11 boundary condition is ‫|ݓ‬ = ா ρ| బ
The temperature is constant in time and space, but other characteristics of the two case scenarios are 146 chosen to elucidate the relationship between diffusive transport processes and scalar gradients: 147 1) Due to surface evaporation that balances the mass input from the tube, the pool mass is constant; the 148 water is maintained isothermal by surface heating that supplies the (latent) energy for evaporation. 149
Initially (t 0 ) the pool has zero salt mass, but salinity increases constantly, equalling that of the tube 150
water at some moment (t eq ) and rising by another two orders of magnitude to reach that of sea water 151 (35·10 -3 ) by the end of the scenario (t f ). This case is of interest from both salt/solute and 152 thermodynamic points of view: 153 a) In solute terms, the tube represents a source of (absolute) salt to the pool, but not always of 154 (relative) salinity. Initially (t 0 ), the water from the tube is more saline than that in the pool, such 155 that non-diffusive and diffusive transport processes operate in tandem to transport salt from the 156 tube upward into the pool; at this moment, the tube is a source of salinity. Salinity advection, 157 defined as the negative of the inner product of two vectors (the velocity with the salinity 158 gradient, with opposite signs), is then positive. Ultimately however (at t > t eq ), the water in the 159 pool is more saline than that entering from the tube, such that non-diffusive and diffusive salt 160 transport are in opposite directions; then the tube dilutes the pool and is a salinity sink, but still a 161 salt source. Salinity advection at t f is negative. The pool continues to gain salinity after t eq , 162 despite the diluting effects of the tube, due to the concentrating effects of evaporation, which is 163 the ultimate source of salinity. This distinction matters because the gradients that drive advection 164 and diffusion are those in salinity, a relative (not absolute) salt measure. At t f , the diffusive 165 salinity fluxes are oriented against the flow within the pool (downward, and radially inward 166 towards the diluting tube, despite its being a net salt source). By contrast, non-diffusive transport 167 always goes with the flow, and accounts for continued upward and outward salt transport, 168 increasing the salt content at the surface. 169 b) Although thermodynamically trivial -with no heat exchanges whatsoever within the water as 170 determined by the 0 th Law -this case nonetheless illustrates the nature of the scalars that 171 determine heat transfer by advection and diffusion (conduction). The "heat content" of the pool 172 decreases as it becomes more and more saline, due to the inferior heat capacity of saltwater 173 versus freshwater. Similarly, salt diffusion/advection is initially upward/positive but ultimately 174 downward/negative, yet the corresponding implications regarding heat content fluxes say 175 nothing about the transfer of heat. The point here is that the dynamics of the heat content must 176 not be interpreted in terms of heat fluxes, which was done by Finnigan et al. (2003) . For this 177 reason, meteorologists correctly define "temperature advection" (Holton, 1992) but the pool accumulates mass. In this case, there are convergences in the non-diffusive transports ofthere are no gradients in temperature or salinity, and so there is neither diffusion nor advection in this 186 scenario. The pool does gain volume (depth) but this is only because the fluid under consideration is 187 incompressible. By contrast, for the gas phase, accumulation of absolute quantities -such as air and 188 trace constituent mass, and heat content -can occur in a constant volume context (e.g., "at a point") 189 due to convergent, non-diffusive transport that defines compression. In the pool, diffusion and 190 advection are clearly null because they are determined by gradients in the relative trace gas amount -191 the mass fraction -, a variable of essential utility for the gas phase because it is immune to the effects 192 of compression. 193 194
An advection-diffusion synopsis 195
The analyses that follow rely on the succeeding key points drawn from sections 2.1 and 2.2. Advection 196 and diffusion depend on gradients in scalars whose nature is relative rather than absolute. In 197 incompressible thermodynamics, the relevant gradients are those in the temperature, and not the heat 198 content. For trace constituents, the relevant scalar is the mass fraction (e.g., salinity) and not the species Knowledge regarding surface exchange (gas flux densities) has advanced to the point where the boundary 261 condition for the vertical velocity ሺ‫|ݓ‬ ሻ can be estimated from conservation of linear momentum -262 applying Eq. (1) to the system defined in Table 2 -, and vastly simplified to a simple function of the 263 evaporation rate (E). The species flux densities ሺ‫ݓ‬ ߩ ሻ within the system represent the surface exchanges 264 of the corresponding gas species (i). Scale analysis of surface gas exchange magnitudes, published from 265 investigations at a particularly well-equipped forest site in Finland ( Table 3 ), reveals that for the water 266 vapour species (i=4), the flux density ሺ‫ܧ‬ = ‫ݓ‬ ସ ߩ ସ ሻ is orders of magnitude larger than both the flux density 267 of any dry air component species and even the net flux density of dry air. Such dominance by water 268 vapour exchanges is representative of most surfaces worldwide. This is especially so because the two 269 largest dry air component fluxes are opposed, with photosynthetic/respiratory CO 2 uptake/emission 270 largely offset by O 2 emission/uptake (Gu, 2013) . Hence, following tradition in micrometeorology (Webb 271 et al., 1980) , dry air exchange can be neglected, allowing the elimination from Eq. (1), when applied at 272 the surface, of all species flux densities except for that of water vapour (H 2 O; i=4). Therefore, net air 273 transfer across the surface can be approximated very accurately as 274
where ‫ݓ‬ ସ | and ρ ସ ห are the H 2 O species velocity and density at the surface. Equation (3) states that, at 276 the surface, the net vertical momentum flux density of air is equal to the net vertical momentum flux 277 density of water vapour, which is the evaporation rate. Solving this for ‫|ݓ‬ allows estimation of the 278 lower boundary condition for the vertical velocity as 279
The representative evaporation rate prescribed in Table 3 is valid for most of the scales defined above. In 282 the context of scale analysis, leaves may be approximated as having equal area as the underlying surface 283 (i.e., a unit leaf area index, or LAI=1), and equal evaporation rates as the surface in general. This latter 284 assumption does not neglect soil evaporation, but only excludes the possibility that it dominate leaf 285 evaporation by an order of magnitude. Thus, it will be assumed here that the assumed evaporation rate 286 and derived vertical velocities are equally valid at synoptic (A), micrometeorological (B), and leaf (C) 287 scales. However, for the microscopic (D) scale, it will be assumed that all leaf evaporation (or 288 transpiration) occurs through the small fraction of the leaf that is stomatal (σ), such that both the stomatal 289 evaporative flux density and the lower boundary condition for the vertical velocity ‫|ݓ(‬ ) are a factor 1/σ 290 greater than that at larger scales. Independent of scale, Eq. (4) states that, for a positive evaporation rate, 291 the boundary condition for the vertical velocity is non-zero and upward. 292
293
Given that the surface boundary is static, it may well be asked why there is a non-zero boundary condition 294 for the vertical velocity of air. The answer is that evaporation induces a pressure gradient force that 295 pushes air away from the surface. Evaporation into air increments the water vapour pressure and thereby 296
Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017 Discuss., doi:10.5194/acp- -172, 2017 Manuscript under review for journal Atmos. Chem. Phys. the pressure added by evaporation would correspond to the saturation vapour pressure (e s ; Figure 2) , 298 whose temperature dependency has been quantified empirically and is described by the Clausius-299
Clapeyron relation. It is this evaporation-induced pressure gradient force that pushes the manometer in 300 Fig. 2 to its new position, and similarly that drives winds away from the surface. 301 302 Although this upward air propulsion occurs at the surface, air velocities are generally upward throughout 303 the boundary layer in a climatological context. Indeed, the dominant role of water vapour in determining 304 the net vertical momentum of air is a general feature of the troposphere. In the context of the 305 hydrological cycle, water vapour is transported from the surface where it has an evaporative source, to 306 further aloft where clouds develop via processes that act as water vapour sinks: condensation and vapour 307 deposition onto ice crystals (or ice nuclei). In terms of total water, upward transport in the gas phase is 308 offset, over the long term, by downward transport in liquid and solid phases (e.g., rain and snow); unlike 309 the water vapour flux, however, precipitation does not directly define air motion. It is true that downward 310 water vapour transport occurs during dewfall -with surface condensation, as described by Eq. (4) with a 311 negative evaporation rate (E < 0) -, but this plays a minor role in the global water balance. Generally, the 312 relative magnitudes of gas exchanges used for the scale analysis in Table 3 (5) 317 318
Mechanisms of gas transport at the surface 319
Non-zero vertical momentum in the lower atmosphere and right at the surface boundary -dominated by 320 the flux density of water vapour and generally upward due to evaporation -means that diffusion is not the 321 lone relevant transport mechanism that participates in surface exchange, as has been generally supposed. 322 This is true for all atmospheric constituents, and not only for water vapour; over an evaporating surface, 323 any molecule undergoing collisions with its neighbours does not experience a random walk (a 324 characteristic of static diffusion), but rather tends to be swept upward with the flow. The upward air 325 current similarly wafts aerosol particles, although these may move downwards if their fall velocities 326 exceed the upward air motion. The upward flow velocity is rather small -just 31 µm s -1 for the conditions 327 specified above and the evaporation rate of Table 3 , according to Eqs. (4) and (5). It does not exclude the 328 possibility of diffusive transport in any direction, but does imply a relevant, non-diffusive component of 329 transport for any gas, whose magnitude is not related to that gas's scalar gradient. 330
331
The non-diffusive flux density of species i can be expressed as 332
333
Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017 Discuss., doi:10.5194/acp- -172, 2017 Manuscript under review for journal Atmos. Chem. Phys. ‫ܨ‬ , = ‫݂ܧ‬ , (7) 335 i.e., the product of the evaporation rate and the species mass fraction. Examination of its magnitude near 336 the surface for different gases will now show that, while this is often small in comparison with the 337 diffusive component, it is not negligible in every case, depending on the magnitudes of the mass fraction 338 and surface exchange for the gas considered. 339 340 (Wallace and Hobbs, 2006) . Considering the state variables defined by Table 2 and the evaporation rate 343 of Table 3 , Eq. (7) indicates 458 µg m -2 s -1 (a molar flux density of 11.6 µmol m -2 s -1 ) of upward, non-344 diffusive Ar transport (F 3,non ). To comprehend this, it helps to recall that the constant addition of H 2 O 345 dilutes dry air at the surface and promotes its downward diffusion. For a null net flux of inert Ar to exist, 346 downward diffusion of this dry air component must exactly cancel the upward non-diffusive transport, 347 and therefore is 458 µg m -2 s -1 for the state and evaporative conditions specified above. These opposing 348 non-diffusive and diffusive Ar transport processes are quite analogous to case scenario 1 of Section 2.2, at 349 the instant t f when the fluid emitted into the pool has a diluting effect. Such dual transport mechanisms 350 are also relevant for vital gases, with different transport directions and degrees of relevance, depending on 351 the density and flux density of the gas in question. 352
353
For H 2 O, the two types of gas transport mechanisms operate in tandem, with the non-diffusive component 354 contributing a fraction of upward H 2 O transport that, according to Eq. (7), is exactly the water vapour 355 mass fraction or specific humidity (Wallace and Hobbs, 2006) 356
This is just 2% for the state conditions previously specified, but can approach 5% for very warm 358 evaporating surfaces and/or high-altitude environments. The breakdown of H 2 O transport into diffusive 359 and non-diffusive components is analogous to case scenario 1 of Section 2.2 at an instant prior to t eq when 360 the fluid introduced to the pool is highly concentrated, in comparison with the fluid already in the pool. In 361 any case, non-diffusive H 2 O transport is generally secondary to diffusive transport, but its neglect in an 362 ecophysiological context can lead to larger relative errors, as will be shown in Section 4. 363 364 For CO 2 , which usually migrates downward during evaporative conditions because of photosynthetic 365 uptake, upward transport of a non-diffusive nature is even more relevant, opposing the downward flux 366 due to diffusion. To see this, let us examine the typical gas transport magnitudes of Table 2 and the 367 atmospheric state conditions specified above. According to Eq. (7), non-diffusive CO 2 transport (F 5,non Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017 Discuss., doi:10.5194/acp- -172, 2017 Manuscript under review for journal Atmos. Chem. Phys. µg m -2 s -1 (by respiration, for example) would correspond to the case of zero CO 2 diffusion (as at the 374 instant t eq ), since the CO 2 mass fractions of both the atmosphere and the gas mixture emitted by the 375 surface are identical. Viewed in the traditional diffusion-only paradigm, such a situation involving a net 376 flux but no gradient (F 3 = F 3,non ) would require a physically absurd infinite diffusivity. At this same 377 evaporation rate, but with lower CO 2 emission, diffusion of CO 2 would be downward, towards the surface 378 which is a source of CO 2 but a sink of the CO 2 mass fraction (analogous to salinity in case scenario 1 of 379 Section 2.2 at some instant between t eq and t f when the fluid emitted to the pool has a diluting effect).486
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